We have investigated the effective synthesis of Pyrococcus furious virus like particle (PfV) and the integration of Ni 2+ ions with PfV. Application of Isopropyl-ǃ-D-1-thiogalactopyranoside (IPTG) during incubation of P. furious causes the marked improvement of yield of P. furious. Using the synthesized P. furious, the spherical structure of PfV is successfully obtained. Concerning magnetism, the native PfV shows the diamagnetic properties. On the contrary, after the integration with Ni 2+ ions, the paramagnetic behavior appears, namely the non-saturated M-H curve with zero remanence and coercivity, and Curie law like M-T curve. The obvious changes in the magnetic properties indicate that the Ni 2+ ions are successfully integrated with PfVs.
Introduction
Integration with biological materials and magnetic materials has been an area of active pursuit. One possible application of the integrated materials is biomedical one such as drug delivery 1, 2) and hyperthermia 2) . For these applications, the material must be controlled motion and functionality in a living body by some types of external field applicable out of the body. In this viewpoint, by using the integrated material including the magnetic material, we can control the mechanical and functional motions by means of the external magnetic field owing to the magnetic ability.
Together with the above biomedical application, self-organizing ability of a protein lets the above architectures to be promising from the engineering viewpoints. Some proteins can crystallize in two 3) or three 4) dimensions, and this spatial crystallization feature will work as a template in which the magnetic materials are structurally organized in two or three dimensions.
Common subject for the above application is to fabricate the integrated materials with the biological materials and magnetic materials. One approach is to synthesis the magnetic materials within a cage structure of protein including (apo)ferritin 5, 6) , phage 7) , virus-like particles 8) . Among them, in this paper, we explore the integration of virus-like parties with the magnetic ions. Especially, we utilize Pyrococcus furious (P. furious) virus-like particle (PfV) 4, 9) . PfV has an icosahedral spherical structure with a triangulation number of T = 3 as shown in Fig. 1 , and there is core with the size of about 27 nm. PfV is composed of 180 copies of subunit, and each subunit is the protein composed of 345 amino-acid residues. The exciting feature of PfV is the ability to crystallize in three dimensions, and the crystallization ability of PfV is not affected by the amino-terminal 109 residues of the protein components of PfV 4) . This means that even if we control the amino-terminal 109 residues of the protein components of PfV and the magnetic entity is integrated with these amino-terminals, PfV is still possible to crystallize in three dimensions. Additionally, in general approach using viruses having the cage structure, it is necessary to remove the nuclei acid from the core. However, it has been shown that PfV does not have the nuclei acid in its core, and thus the native PfVs become the template to integrate the magnetic entity.
In this paper, we investigate the fabrication of PfV integrated with Ni 2+ ions, including the effective expression of the protein component of PfV, and the magnetic properties of PfV integrated with Ni 2+ ions. 
Experimental procedures
Detailed procedures of cultivation of P. furious should be referred to previous papers 4, 9) . Here, it is worthwhile to notice that the full-length gene for the protein component of PfV was digested with the suitable restriction enzyme like NdeI and XhoI, and was subcloned in the expression vector pET15b to allow the carboxy-terminal domain with a histidine tag. The -0DJQ 6RF -SQ 3DSHU! histidine tag (His-tag) works as the integration site of the divalent metal ions. In this work, the six his-tags were prepared per the protein component. PfVs were prepared by the steps of incubation of plasmid in Escherichia coli (E. coli), sonication, elution from E. coli, and refolding which is a process to form the spherical structure by the protein components.
The prepared plasmid was introduced into E. coli and the cells were incubated over 12 h at 37°C. During the incubation, when optical density at 600 nm O.D.600 becomes 0.8, Isopropyl-ǃ-D-1-thiogalactopyranoside (IPTG) with 0.1 to 1.0 mM was applied immediately into the culture in order to express the protein effectively.
The expressed protein component of PfV was lysed from E. coli by the sonication on ice with an ultrasonic disruptor. After removing the cell debris in lysate by the centrifugation, the sample of hig-tageged protein was eluted with 1 M imidazole. Then, the protein components with his-tag were refolded into the spherical structure by the dialysis in the urea at 4°C. The concentration of urea was reduced stepwise from 7 M to 0 M. After the refolding into the spherical structure and removing the cell debris from the sample by an ultracentrifuge, PfVs were reacted with divalent metal ions. In this study, we chose Ni 2+ ions because good affinity of his-tag to Ni 2+ ion is known 10) . The reaction was performed at room temperature by applying PfVs into the solution with Ni 2+ ions. Concentration of Ni 2+ ions in the solution was prepared to that at which the number of Ni 2+ and his-tag become same. After the reaction, the PfVs integrated with Ni 2+ ions and the residual Ni 2+ ions were carefully separated by ultracentrifuge. After the ultracentrifuge, the samples were suspended in the buffer (20 mM Tris-HCl(pH 7.5), 30 mM MgCl2, 50 mM NH4Cl, 10 mM 2-mercapthoethanol, 1mM PMSF, 2mM spermidine, 0.5 % 2-methyl-2,4-pentanediol).
The expression of protein components were characterized by a transmittance of light with wavelength of 600 nm, and molecular mass analysis using sulfate-poly-acrylamide gel electrophoresis (SDS-PAGE). In order to compare the amount of expressed protein directly, the amount of samples applied to SDS-PAGE was fixed to 20 Ǎl. The formation of the spherical structure of PfV was investigated by a dynamic light scattering (DLS) method. Magnetic properties of the prepared samples were investigated by means of a superconducting quantum interference device (SQUID) magnetometer. Samples for the magnetic characterizations were prepared by dropping and drying the solution of 50 Ǎl on quartz substrate. The measurements encompassed magnetization curves at 5 K and temperature dependence of magnetization under the field of 30 kOe in temperature range of 5 to 300 K. Background signals were carefully subtracted using the quartz substrate.
Results and Discussions

Expression of protein component of PfV and construction of spherical structure
First, the effect of IPTG on the expression of the protein components is shown. Figure 2 shows SDS-PAGE patterns of the expressed protein components of PfV. In the previous reports, it is clarified that the molecular mass of the protein component of PfV is 38.8 kDa 4, 9) , and thus it is possible to confirm the expression of the protein component of PfV by the relative location to molecular mass marker (lane 1), as indicated by arrow. As described above, since the applied amount to SDS-PAGE is fixed to 20 Ǎl, the depth of molecular mass bands reflects the amount of expressed protein directly. In all lanes of sample, it is clearly seen that the protein component of PfV are expressed. Further, comparing with lanes 2 and 3, the definite band from the protein component of PfV is observed even after the refolding while the amount of cell debris is reduced. In addition, it is clear by comparing lanes 2-1 and 2-2, or lanes 3-1 and 3-2, that the molecular mass band from the protein component of PfV becomes definite by applying IPTG during the incubation. The average concentration of the finally obtained protein components of PfVs for the several batches increases from 0.5 mg/ml to 2.3 mg/ml by IPTG induction. These results show that IPTG promotes the expression of the protein components of PfV.
The expression of protein component of PfV does not mean the formation of spherical structure directly. Thus it is necessary to confirm the formation of spherical structure by the other method. DLS profile of the sample after refolding is shown in. Fig. 3 . The peaks around 35-60 nm and 3000 nm are clearly observed. While the latter peak is caused by some debris in sample, the former one is almost same to the diameter of PfV, ~35 nm (Fig. 1) . Although DLS result gives the in-direct information of spherical structure becausae DLS profile reflects the hydro-mechanical diameter, the largest peak around 45 nm indicate that the fabricated protein components successfully construct the spherical structure. It is worthwhile to notice that we have directly confirmed the spherical structure of PfVs by TEM observation for the other batch of sample fabricated by the same preparation procedures. The typical spherical structure of different batch should be referred to refs 4 and 9. 
Integration of Ni 2+ ion with PfV
The integration of PfVs with Ni 2+ ions were investigated by the change in magnetic properties. In principle, the native PfV does not include the metallic ions, and thus it is expected that PfV show diamagnetism, at least non-magnetism. Instead, the magnetic susceptibility will change toward the positive value by integrating with Ni 2+ ions. The magnetization curve and the temperature dependence of magnetization of PfV before reacting with Ni 2+ ions are shown in Fig. 4 . The magnetization decreases linearly with increasing magnetic field (Fig. 4(a) ). Further, the magnetization remains almost constant in negative value in the temperature range of 5-300K (Fig. 4(b) ). These features indicate that the native PfV, namely PfV without reacting with metal ions is diamagnetic.
Integration of Ni 2+ ions with PfV changes the magnetism of PfV markedly. Figure 5 shows the magnetization curve and the temperature dependence of magnetization for PfV integrated with Ni 2+ ions. As clearly seen, the magnetization increases with increasing magnetic field, and the non-linear susceptibility is observed above 10 kOe. As seen in the enlarged magnetization curve shown in Fig. 5(a-2) , both remanent magnetization and coercivity are zero. These are the typical feature of paramagnetism. Since the PfV without integrating with Ni 2+ ion show the diamagnetism, the positive susceptibility is caused by the integration of Ni 2+ ions with PfV.
Magnetization value per PfV was estimated using the molecular weight of PfV 11) . Magnetic moment per PfV is presented in the right axis of Fig. 5(a) . The average magnetic moment per PfV of about 150 ǍB is obtained.
Assuming the magnetic moment of Ni 2+ ions as that of Ni 2+ ions in paramagnetic substances 2.83 ǍB 12) , about 50 Ni 2+ ions contributes the magnetization curve shown in Fig. 5(a) .
As well as the magnetization curve, the temperature dependence of magnetization gives the further verification supporting the paramagnetism of PfV integrated with Ni 2+ ions. As shown in Fig. 5(b) , the magnetization increases with decreasing temperature, and its dependence is similar to the Curie law; T --1 dependence of magnetization. Below about 15 K, the magnetization changes its sign from negative to positive. The observed paramagnetism of the Ni 2+ integrated PfV implies that the magnetic coupling between Ni 2+ ions is absent.
It is thought that the negative magnetization above 20 K is caused by the diamagnetism of the PfV without the integration with Ni 2+ ions. Although the quantitative discussion would be possible if the diamagnetic contribution is subtracted from the magnetization of PfV integrated with Ni 2+ ions. However, the direct subtraction of diamagnetic contribution of PfV from the magnetization of PfV The presented results are preliminary results but this is the first report indicating the successful integration of Ni 2+ ions into PfV. The details of magnetism including the amount of integrated Ni 2+ ions, electronic state of integrated Ni 2+ ions remain un-clear at present. In addition, in order to realize the magnetic coupling of integrated ions, the amount of integrated ions must be increased. At present, we have been investigating the synthesis of nano-sized magnet like a magnetic nanoparticle within PfV, and it is now in progress.
Summaries
We have investigated the effective expression of the protein component of PfV by IPTG induction, and the magnetic properties of PfVs integrated with Ni 2+ ions. Application of IPTG during the incubation process gives rise to the marked increase of final yield of the protein components of PfV. Compared with the results without IPTG induction, the final concentration of the protein increases approximately 5 times. The expressed proteins would construct the spherical structure as PfV. While the prepared PfVs show the diamagnetic properties, PfVs integrated with Ni 2+ ions show the paramagnetic behavior. The change in magnetic properties indicates that Ni 2+ ions are successfully integrated with PfV, but it is necessary to improve the integration method to achieve the magnetic coupling between Ni 2+ ions. 
